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Acceptor doping has long been a serious problem in GaN materials and device fabrication. An important breakthrough was achieved when it was realized that acceptor doping using growth techniques that involve hydrogen ͓such as metalorganic chemical vapor deposition ͑MOCVD͒ and hydride vapor phase epitaxy ͑HVPE͔͒ requires a postgrowth activation procedure, aimed at removing the hydrogen ͑which acts as a donor͒ from the p-type layer. 1, 2 This approach, with Mg as the dopant, has led to p-type conductivities adequate for obtaining optoelectronic devices. Higher hole concentrations would be desirable, however, to limit series resistance and to obtain better ohmic contacts to the p-type layer. It is therefore of interest to explore whether acceptors other than Mg would lead to better doping.
In this communication we report the results of a comprehensive first-principles investigation of candidate acceptors for GaN. The substitutional acceptors can be divided into two classes: those that substitute on the Ga site, and those that substitute on the N site. For the latter, only carbon is a candidate; indeed, column-IV elements below C in the periodic table are too large in size to be incorporated on the N site. We discussed C in a previous publication, 3 noting that its main problem is limited solubility. In the present work we focus on acceptors substituting on the Ga site, for which we have considered elements from column II ͑single acceptors͒ as well as column I ͑double acceptors͒. 4 The performance of an acceptor will be judged on the basis of three main criteria: ͑i͒ solubility; ͑ii͒ stability against compensation by interstitials; and ͑iii͒ depth of the acceptor level. Each of these aspects can be addressed on the basis of results obtained from first-principles calculations. The solubility of a substitutional acceptor corresponds to the equilibrium concentration of the impurity in the lattice, which is determined by the formation energy. We also calculate the formation energy of the impurity in configurations other than the substitutional site. Because of the small lattice constant of GaN and the large size mismatch between cations and anions these configurations ͑interstitials and antisites͒ tend to be unfavorable. Indeed, our previous results for Mg interstitials and for Mg on the N site produced very high formation energies. 5 Interstitial configurations will only be favorable for elements with a small atomic radius. We find that only Li and Be, the smallest impurities examined here, form interstitial donors. This is particularly unfortunate in the case of Be, which otherwise has characteristics comparable to Mg.
Our results show that the column-II acceptors perform noticeably better than those from column I. The latter suffer from poor solubility, which we will a posteriori attribute to poor hybridization in the bonding between the acceptor and the surrounding N atoms. We will suggest a qualitative measure for this bond strength, namely the heat of formation of the compound consisting of the acceptor impurity and the surrounding host atoms; e.g., in the case of Be, we would look at the heat of formation of Be 3 N 2 ͑see Table I͒. Our investigations also reveal another important factor in the solubility, namely the atomic size, which we assess by looking at the covalent radius ͑also listed in Table I͒ . The optimum situation occurs for an impurity which has the same covalent radius as the Ga atom for which it substitutes. Elements with a significantly different radius require relaxations of the surrounding host atoms which raise the formation energy. Among the alkali ͑column-I͒ atoms, only Li has a covalent radius comparable to that of Ga. Na and K are much larger and turn out to have a much higher formation energy. Based on this trend we can exclude elements beyond the third row of the periodic table as potential acceptors, because their incorporation would be hugely unfavorable.
These driving forces are also evident in our examination of column-II impurities: the covalent radii indicate that Ca and heavier group-II elements have high formation energies, and that the smallest element Be may suffer from incorporation on interstitial sites. It should be emphasized that these arguments based on bond strength and atomic radius can only be used as rough guides to establish trends; our confidence in citing them a posteriori is based on the extensive first-principles calculations which we will report next and which have provided the detailed information required for a reliable assessment. These calculations are based on density-functional theory, ab initio pseudopotentials, the nonlinear core correction, and a supercell approach. Details of the method have been discussed in Ref. 3 . For the zinc-blende phase, we used 32-atom supercells, and checked convergence using 64-atom supercells. For wurtzite, we found it necessary to use at least 72-atom supercells ͑with a dense 4ϫ4ϫ4 k-point mesh͒. Convergence for wurtzite was checked in 96-atom supercells. Comparisons between wurtzite and zinc-blende structures indicated that the formation energy of substitutional acceptors is essentially the same in both phases ͑to within an error bar of Ϯ0.1 eV). Formation energies of interstitials are typically higher in wurtzite, as will be discussed below.
Host-atom relaxations are always included. For the interstitial atoms the tetrahedral interstitial site surrounded by N atoms is the more favorable site in zinc-blende for all elements examined here; for the wurtzite phase, the octahedral and tetrahedral interstitial sites were chosen as starting points, and relaxation of impurity as well as host atoms was allowed. The octahedral interstitial site was most favorable. For the substitutional impurities, the relaxed bond length between the acceptor and N nearest neighbors resulting from breathing relaxations is included in Table I . We have explored the possibility of off-center relaxations, particularly in the case of Mg Ga . Such relaxations have been suggested 6 as the cause of metastability and persistent photoconductivity ͑PPC͒ in Mg-doped layers. We did not find any evidence of off-center relaxations; the substitutional site is always the only local minimum. As an explanation for the PPC we have proposed that the nitrogen vacancy, which always compensates acceptors to some extent, exhibits metastability due to the large lattice relaxation in the V N 3ϩ charge state.
7,8
The formation energy, which is the central quantity in our approach for the example of a Li atom on a substitutional Ga site is defined as follows:
where E tot (Li Ga q ) is the total energy derived from a calculation for substitutional Li, and E tot (GaN bulk) is the total energy of the corresponding GaN bulk supercell. q is the charge state of the acceptor; in the case of a double acceptor such as Li, q could be 0, Ϫ1, or Ϫ2. E F is the Fermi level. The formation energy of an impurity depends on the specific growth conditions, which are determined by chemical potentials, 3 and on the position of the Fermi level. For impurities on the Ga site, maximum incorporation will be achieved under Ga-poor ͑i.e., N-rich͒ conditions, and when the impurities are in equilibrium with the compounds listed in Table I . These conditions fix the chemical potentials and the formation energy becomes solely a function of the Fermi energy. Formation energies for less N-rich conditions can be obtained by adjusting the Ga chemical potential in Eq. ͑1͒. Figure 1͑a͒ shows our results for column-I impurities. The figure also includes the formation energy of interstitial hydrogen, which acts as a donor in p-type GaN and is present in many of the growth techniques for GaN. We see that the formation energy of Li Ga and Na Ga is quite high; for comparison, the formation energy of neutral Mg Ga ͓Fig. 1͑b͔͒ is 2.2 eV. We have also calculated the formation energy of neutral K Ga , finding it to be 11.0 eV. The alkali atoms therefore have limited solubility on the substitutional site. We observe that the formation energy increases with the covalent radius of the acceptor, indicative of the energy cost involved in relaxation. We therefore definitively conclude that alkali atoms heavier than K would exhibit even poorer solubility. The high formation energy of the substitutional alkalis can be understood based on the low bond strength between these atoms and the surrounding N atoms, which is reflected in the small heats of formation of the compounds listed in Table I . Figure 1͑a͒ also shows that for Li and Na the incorporation on interstitial sites, where they act as single donors, is more favorable than incorporation on the substitutional Ga site. The formation energy of the interstitials is somewhat higher in wurtzite than in zinc blende, by 0.60 eV in the case of Li. Still, for both wurtzite and zinc-blende we conclude that doping with Li is likely to be severely impeded due to compensation by interstitial Li donors. Figure 1͑b͒ displays our results for column-II impurities. We note that the formation energies of Mg Ga and Be are comparable. The favorable incorporation of both these impurities can be attributed to the strong binding with the neighboring host atoms, consistent with the high heats of formation of Mg 3 N 2 and Be 3 N 2 . In the case of Be the energy gain due to strong binding is counteracted by the cost involved in relaxation due to its small atomic size. Zn actually exhibits the most optimal size match with the Ga host atom; however, the Zn-N bond strength is low, which raises the formation energy. Ca Ga , finally, is unfavorable due to a large size mismatch, in spite of a large bond strength. Among the column-II impurities Be is the only one which is small enough to be incorporated on the interstitial site, where it acts as a double donor. This can be a significant drawback to the use of Be as a dopant. The formation energy of the Be interstitial is 1.09 eV higher in wurtzite than the zinc-blende value given in Fig. 1 ; still, this value is low enough for interstitial compensation to be an important concern.
The kinks in the curves in Fig. 1 indicate transitions between different charge states ͓see Eq. ͑1͔͒; they thus correspond to ionization energies. The error bars on the formation energies are such that our calculated ionization energies have an uncertainty of Ϯ0.1 eV; we are therefore unable to make quantitative predictions of ionization energies, although the calculated values still offer a qualitative indication of the depth of the levels. We note that the alkali atoms ͓Fig. 1͑a͔͒ tend to have larger ionization energies. Zn and Ca also have larger ionization energies than Mg ͑for which we obtain 0.2 eV, in reasonable agreement with experiment͒. The only acceptor for which we calculate a smaller ionization energy is Be ͑in agreement with the result of Bernardini et al. 9 ͒. However, the difference with Mg is smaller than our error bar and therefore this result is not conclusive.
Our results are in qualitative agreement with those obtained by Fiorentini et al. 10 for a subset of the acceptors discussed in the present work, although those authors did not discuss the trends we have identified here. Only a limited amount of experimental work has been devoted to the investigation of acceptors other than Mg. Bergman et al. 11 used photoluminesce ͑PL͒ to derive an ionization energy of 0.34 eV for Zn, in reasonable agreement with our calculated value. Salvador et al. 12 reported that Be introduced an acceptor level 250 meV above the valence band based on photoluminescence measurements. Brandt et al. 13 reported that Be produced high p-type conductivity in cubic GaN, but only when codoped with oxygen. This result is difficult to understand based on equilibrium thermodynamics, as pointed out by Bernardini et al. 9 In summary, we have performed a comprehensive firstprinciples investigation of substitutional acceptors in GaN. A posteriori the results can be understood on the basis of a small number of guiding principles: the incorporation on the substitutional site is governed by the bond strength, which can be estimated using the heat of formation of specific compounds, and by the atomic radius, which determines the energy cost of relaxation. None of the investigated impurities performs better than Mg in all respects. Only Be has a comparable solubility, and it may have a lower ionization energy. However, Be may suffer from compensation due to incorporation on interstitial sites.
